. Patients were presented with a visual stimuUniversity of California, Los Angeles lus (CS) that was paired with an aversive loud noise Los Angeles, California 90095 (US). A patient with amygdala damage failed to acquire autonomic fear responses to the CS after it was paired with the US, but this same patient was able to correctly Summary describe, through verbal reports, that the CS had been followed the US, indicating that declarative memory was We recorded neurons from the hippocampus of freely intact. Conversely, a patient with hippocampal damage behaving rats during an auditory fear conditioning acquired normal autonomic fear responses to the CS, task. Rats received either paired or unpaired presentabut was unable to explicitly remember the training expetions of an auditory conditioned stimulus (CS) and an rience during which the CS and US were paired. 
Figure 1. Experimental Design and Conditioned Freezing Behavior
(A) Fear conditioning was conducted using an auditory CS and a periorbital shock US. Rats first received 9 presentations of the CS alone (habituation), followed by 16 paired or unpaired presentations of the CS and US. After a 1 hr break outside of the experimental chamber, rats were returned to the training box for a 10 min place map session, followed by nine test trials in which the CS was presented alone (extinction). Note that habituation, acquisition, and extinction sessions were all conducted in the same training box. 
. Prior to conditioning (habituation), the rats' average Rogan et al., 1997). The US was a train of brief shock pulses delivered to the eyelid ( Figure 1A ). Fear learning head speed during foraging was low ‫03ف(‬ cm/s). Movement speed was highest during the shock ‫07ف(‬ cm/s). was assessed by automated scoring of freezing behavior, a standard index of conditioned fear (Bouton and Smaller but significant head movements were also evoked by the onset of the auditory CS. Although these Bolles, 1980; Fanselow, 1980) . CS-evoked head movements occurred in both groups during all sessions of the experiment, such movements Results were most pronounced during extinction when they occurred against a background of freezing behavior. Behavior Therefore, CS-evoked head movements were more proFear conditioning was conducted in 16 rats that were nounced in the paired group than unpaired group during implanted with hippocampal recording electrodes. Rats extinction (since only the paired group froze to the CS were evenly divided among two groups, one receiving during extinction). It will be important to examine paired (n ϭ 8) and the other unpaired (n ϭ 8) CS-US whether this difference between the groups in the bepresentations. As shown in Figure 1B , rats in the paired havioral response to the CS can account for group differgroup froze during the 20 s auditory CS after (extinction) ences in CS-evoked neural activity. but not before (habituation) conditioning, whereas rats in the unpaired group froze very little during the CS before or after conditioning [F(14) ϭ 9.7, p ϭ 0.007 for Single-Unit Recording A total of 154 hippocampal cells were recorded during group; F(14) ϭ 44.6, p ϭ 0.00001 for session; F(14) ϭ 36.9, p ϭ 0.00002 for group ϫ session]. To determine fear conditioning from 16 rats. One rat from the paired group had no cells that met criteria for inclusion in our whether the freezing observed in the paired group during extinction in the training context was a response to the analysis, but from the remaining 15 rats, 65 cells were recorded that met criteria for inclusion (see Experimental auditory CS or to the context, we also analyzed freezing to the training context during the 20 s period immediately Procedures). Of these 65 included cells, 47 cells (paired group n ϭ 25, unpaired group n ϭ 22) were classified preceding each CS presentation. Figure 1B shows that during extinction rats in the paired (but not unpaired)
as complex spike cells, and 28 (paired group n ϭ 18, Note that in all sessions, there is a tendency for the rat to perform head movements at the onset of the auditory pips. Also note that rats in the paired group generate fast head movements during shock delivery at the end of conditioning trials. Rats in the unpaired group performed similar fast head movements in response to shock-alone presentations (data not shown).
unpaired group n ϭ 10) were classified as theta cells Place cells from the paired ( Figure 3A ) and unpaired ( Figure 3B) ). Since we know that the auditory CS evokes movement responses wave signal with a period of 150 ms, aligned with the Z score sequence so that the rising phase of the first sine from the rat (see Figure 2) , it is possible that the conditioned neural responses in cells from the paired group wave cycle began at the bin corresponding to the onset of the auditory pip. We found that the correlation bemight not be auditory responses at all, but may instead reflect a conditioned enhancement of the rat's CStween the PETH and this "theta wave" signal was signifi-curs no matter where the rat is located? Or is the conditioned auditory response of each place cell modulated by that cell's place-specific firing properties, so that sensory responses occur only when the rat is in the cell's preferred firing location? To answer these questions, we examined the interaction between CS-evoked activity and spatially tuned firing of place cells.
To measure the spatial properties of place cells, we recorded cells during a 10 min place map session (see Figure 1 ) that preceded the extinction session, during which rats foraged for food pellets without any CS or US presentations. Place maps were plotted ( Figure 5A ) to show each cell's preferred firing location, or place field, in the recording chamber during this session (see Experimental Procedures). The pip response of each place cell in the paired group (which is the only group that showed conditioned pip responses) during extinction was then analyzed separately for pips occurring paired group met this criterion). Similarly, at least 10 freezing pips had to occur outside of the cell's firing field in order to be included in the analysis of out-offield pip responses (20 of the 25 cells in the paired group evoked movements. To control for the influence of motor met this criterion). activity on place cell firing, we isolated only those pips Analysis of raw (unnormalized) PETHs revealed that during which no detectable head movement occurred 37% (7/19) of cells in the paired group exhibited signifi-(see Experimental Procedures) and analyzed responses cant pip-evoked responses when the rat was freezing to these pips, referred to as freezing pips. The resulting inside of the cell's place field. This percentage is somePETHs were normalized to baseline activity recorded what lower than that for the place-independent analysis during silence between pips when rats were also immoof freezing pips reported above, probably because of bile, so the rats' behavior was similar during both the poorer sampling (since fewer freezing pips were inpips and baseline periods. Supporting this, we found that for cells in the paired Parametric comparisons of freezing pip responses using group, the normalized in-field pip response was signifinormalized PETHs was not possible, because rats did cantly larger during extinction than the out-of-field pip not freeze enough prior to conditioning or in the unpaired response; that is, Z IN Ͼ Z OUT [t(32) ϭ 2.23, p ϭ 0.03]. It group to perform such an analysis. Nonetheless, our should be noted that of the 20 place cells in the paired analysis of freezing pips during extinction in the paired group that we analyzed for place-specific CS-evoked group suggests that after auditory fear conditioning, responses, only 3 cells had a different preferred firing place cells exhibited auditory-evoked responses to the location after versus before conditioning, and one of CS that were not directly related to the rat's execution these was the lone cell that exhibited pip responses of motor responses during the CS.
outside of its place field. We conclude from these findPlace Specificity of Conditioned ings that conditioned auditory responses of place cells Auditory Responses are not purely sensory-evoked responses, but are inThe defining characteristic of place cells is their locastead "gated" by the spatial firing properties of place tion-specific firing, and yet, we have shown here that cells. place cells can acquire conditioned responses to a nonspatial sensory stimulus, such as an auditory CS (Figures 3 and 4) . Does aversive conditioning cause place
Conditioned Auditory Responses of Theta Cells
We next investigated whether theta cells acquired concells to acquire nonspatial firing properties by inducing a sensory-evoked response to the auditory CS that ocditioned responses to the auditory CS. To do so, re- PETHs with a theta wave signal, as explained above for Vanderwolf, 1969) . Therefore, as for place cells (see above), we analyzed responses of theta cells only to place cells. We found that this correlation was significant only for theta cells in the paired group after conditioning freezing pips. Figure 6C shows that even during periods of immobility, theta cells recorded from the paired group (but not before conditioning), and not at all in the unpaired group [r(98) ϭ 0.06, p ϭ n.s. for paired group in showed clear pip-evoked responses during extinction. The proportion of theta cells from the paired group that habituation; r(98) ϭ 0.27, p Ͻ .01 for paired group in extinction; r(98) ϭ 0.11, p ϭ n.s. for unpaired group exhibited significant pip-evoked responses during freezing pips in extinction was 67% (12/18), similar to in habituation; r(98) ϭ Ϫ0.09, p ϭ n.s. for unpaired group in extinction]. Thus, the rhythmic firing of theta cells only when the rat was moving. These data suggest that, like place cells, theta cells from the paired group (but not became synchronized to the CS during extinction in the paired group, exactly the same condition for which place the unpaired group) acquired conditioned responses to the auditory CS, and these responses were not caused and theta cells exhibited conditioned CS-evoked responses. This raises the intriguing possibility that CSby CS-evoked motor activity. evoked responses may somehow be related to synchronization of theta cell firing to the CS. In summary, we found that rats from the paired group exhibited movement-related theta rhythm during the CS in both the habituation and extinction sessions. Therefore, fearful and nonfearful states did not appear to radically alter the hippocampal processing state, as assessed by theta rhythmicity. However, as noted above, rhythmic firing of theta cells was synchronized to the CS presentation only when the rat was in a fearful state, and not at other times. This synchronization of theta cells may reflect a change in the hippocampal processing state during fear, which could in turn be related to the emergence of CS-evoked responses in place and theta cells after the CS was paired with the US.
Hippocampal Processing and Behavioral State

Responses to the Shock US
Finally, we examined the responses of place and theta 
nored).
To analyze shock responses of hippocampal cells, we constructed PETHs showing responses evoked by the fact that CS-evoked responses are larger during shock pulses. To control for the effects of the rapid head extinction than habituation in cells from the paired group movements during shock delivery on the shock-evoked may not be due to the fact that the rat has learned an neural activity (Figure 3 ), PETHs were normalized to the association between the CS and US, but simply due to cell's baseline firing rate during periods when the rat the fact the CS is occurring when the rat is in a fearful made rapid head movements in the absence of either state during extinction, as opposed to a nonfearful state the CS or US (see Experimental Procedures). Figure 8 during habituation.
shows that both place cells ( Figure 8A ) and theta cells To investigate the influence of the rat's behavioral ( Figure 8B ) responded robustly to the shock. Analysis of state on hippocampal processing, we compared levels unnormalized PETHs revealed that in the paired group, of hippocampal theta rhythm during habituation versus 48% (12/25) of place cells and 56% (10/18) of theta cells extinction in the paired group. To do this, we performed were shock responsive. In the unpaired group, 73% (16/ a power spectrum analysis of a multiunit spike channel 22) of place cells and 70% (7/10) of theta cells were recorded from the hippocampus of each rat in the paired shock responsive. The mean normalized response was group and compared the power spectrum of this slightly larger in the paired group relative to the unpaired multiunit signal during the CS in habituation versus exgroup, but this difference was not statistically significant tinction. It was not possible to examine whether shock reThe peak is slightly smaller during extinction than habitsponses of place cells were place specific because rats uation, but the difference is not statistically significant moved very rapidly during the shock. Thus, it was not [t(6) ϭ 1.3, p ϭ 0.24]. Since theta rhythm is usually more possible to accurately classify shocks that occurred inprevalent during movement than immobility (Buzsaki, side versus outside of a cell's place field. 2002; Vanderwolf, 1969) , the slight reduction in theta power during extinction may reflect the fact that theta activity is reduced by freezing during extinction. HowDiscussion ever, it has been reported that during fearful or attentive states, a form of theta rhythm (referred to as "type II"
The role of the hippocampus in memory formation has been widely investigated using classical conditioning theta) occurs during immobility ( It is also possible that in our auditory fear conditioning task, conditioned enhancement of CS responses was We observed that theta-frequency modulation of place cell firing was always well synchronized to the CS not directly related to an associative learning process, but was instead due to the fact that after CS-US pairing, pips, regardless of whether the CS had been paired with the US. By contrast, the rhythmic firing of theta cells presentation of the CS caused the rat to enter a different behavioral state (i.e., fear). That is, the CS response became synchronized to the presentation of the CS only after the CS had been paired with the US, the same may have been enhanced during extinction in the paired group because the rat was afraid during the CS presencondition under which the CS-evoked responses of place cells and theta cells were enhanced. This suggests tation after (but not before) conditioning, and not because the CS had become associated with the US per that CS-evoked responses may somehow be related to synchronization of theta cell firing to the CS.
se. Arguing against the possibility that this is the main explanation of our results is the fact that our analysis Why do CS-evoked responses emerge in the hippocampus following auditory fear conditioning? One posof theta rhythmicity (Figure 7 ) did not reveal evidence for a profound change in the hippocampal processing sibility is that an associative learning process causes the CS to acquire behavioral significance when it is state during the CS after conditioning. However, this does not provide conclusive evidence that the findings paired with the US, and this learned association enhances the processing of the CS within the hippocamare due to associative Hebbian plasticity. 
